The size of the LCL filter can be decreased significantly using higher switching frequencies enabled by next generation semiconductors. This paper studies the effects of the switching frequency of a grid converter on the LCL filter design. The goal in the design is to minimize the stored energy of the magnetic components. The core material of the converter-side inductor is selected based on the highest peak flux density within core-loss density limits. A laminated iron-core inductor is assumed on the grid side. For achieving higher accuracy during optimization, the grid-side inductor is modelled using an analytical high-frequency model. The proposed design method is evaluated using a 50-Hz 12.5-kVA SiC grid converter as an example case.
Introduction
Active two-level grid converters are replacing diode bridges in motor drives for being able to feed braking energy back to the grid. The grid converters cause switching harmonics that should be attenuated in order to comply with existing grid standards such as IEEE 519-2014 and IEC 61800-3 [1, 2] . An attractive way to attenuate the switching harmonics is to use an LCL filter between the grid and the grid converter. The LCL filter provides better attenuation than a conventional L filter, meaning that the same filtering performance can be obtained with smaller overall inductance value. This leads to a more compact filter size.
Various methods have been proposed for designing and optimizing the LCL filter [3] [4] [5] [6] [7] [8] [9] [10] [11] . Since the LCL filter is still one of the bulkiest components in grid converters, the most common design goal is to minimize the size of the filter. One typical method to achieve a compact size is to minimize the stored energy of the magnetic components in the filter at the rated operating point without exceeding the grid-current harmonic limits. A compact size is achieved, since the inductor energy is proportional to the inductor area product, which gives a rough estimate for the core size. The area product is defined by the product between the window area and the cross-sectional area of the core.
The selection of the inductor core material is essential since it defines key magnetic properties such as saturation flux density and core-loss density. The core material can be selected based on the peak flux density. The peak flux density should be as high as possible in order to minimize the area product. However, the peak flux density is limited either by the saturation flux density or the core-loss density. Low core-loss materials, such as amorphous or nanocrystalline, should be used in the converter-side inductor due to high converter-side current ripple. In this way, losses stay within limits defined by the acceptable temperature rise. On the other hand, the core material of the grid-side inductor are selected based on the highest saturation flux density since the grid-current ripple is low. An iron-core inductor is often a good choice for the grid side due to its high saturation flux density and low manufacturing costs.
Typical design methods assume constant parameter values in optimizing the LCL filter, which is justified if the converter operates at low switching frequencies, e.g. 4-8 kHz [3] [4] [5] [6] [7] [8] . The switching frequency can be increased by using next generation semiconductors, such as SiC and GaN, without causing more switching losses in comparison to the conventional Si semiconductors. This gives the possibility to design a more compact LCL filter. The constant parameter model is usually enough for the converter side due to low core-loss density material. However, if higher switching frequencies are applied, the highfrequency behaviour of the grid-side inductor can be taken into account. This gives a possibility to achieve higher accuracy in meeting the existing grid standards.
Due to the skin and proximity effects, the equivalent series inductance of the inductor decreases and the equivalent series resistance increases with frequency. These frequency-dependent phenomena have various effects on the harmonic content of the grid current: the filtering capability of the LCL filter becomes poorer due to the lower inductance at higher frequencies, and the damping ratio of the resonance is increased due to the higher resistivity at higher frequencies. Frequency-dependent phenomena can be examined using a frequency-dependent inductor model, such as a model for laminated iron-core inductors presented in [12] . The frequency characteristics of the iron-core inductor depend on the sheet thickness. Thicker sheets increase equivalent series resistance and decrease equivalent series inductance. The sheet thickness is chosen depending on the current content. Thicker sheets (0.5 mm) are usually sufficient on the grid side due to low grid-current ripple.
This paper studies the effects of the switching frequency of a ic L fc ig grid converter on the LCL filter design. The stored energy of the magnetic components in the filter is minimized. An analytical model of the laminated iron-core inductors is considered during the optimization stage. The final core material of the converter-side inductor is selected based on the simulated current waveforms and datasheet values. A core material having the highest peak flux density is selected within the core-loss density and saturation limits. The proposed design method is evaluated for a 50-Hz 12.5-kVA SiC grid converter as an example case.
2 High-frequency model of the LCL filter RMS-value scaled space vectors will be used for three-phase quantities. Both time-domain and frequency-domain vectors will be denoted by boldface lowercase italic letters. The argument reveals whether the time domain or the frequency domain is considered. The argument t represents time and the argument ω represents frequency. The imaginary unit is denoted by j. The magnitude of the vectors are denoted by plain uppercase italic letters. For example, the grid current vector is i g and its magnitude is I g . Fig. 1 shows a space-vector model of an LCL filter. The converter voltage is denoted by u c , the capacitor voltage by u f , and the grid voltage by u g . The converter current is i c . The frequency response from the converter voltage to the grid current can be derived from Fig. 1 ,
Equivalent circuit
where
High-frequency model of the inductors
Skin and proximity effects increase the resistivity and decrease the inductance of the inductor with frequency. The high frequency behaviour depends on the chosen core material. If a low core-loss material, such as amorphous and nanocrystalline, is used, the skin and proximity effects stay negligible. Then, a constant-parameter model is sufficient. This is verified in Fig. 2 (a), which shows the measured impedance of a Fe-based amorphous inductor as well as the impedance of the constant-parameter model. As can be seen, the constantparameter model describes the high-frequency behaviour accurately below 100 kHz. In this paper, the converter-side inductor is assumed to have a low core-loss material in order to prevent overheating due to the high converter current ripple:
The grid-side current, on the other hand, contains only small current ripple. Then, a laminated iron-core inductor is a good choice for the grid side due to its high saturation flux density and low manufacturing costs. For laminated iron-core inductors, the equivalent series inductance and resistance of the inductor core can be modelled as
where δ is the skin depth of the iron sheet and w is the thickness of a single sheet [12] . In this paper, the sheet thickness is chosen to be w = 0.5 mm which is a typical value for 50-Hz inductors and transformers.
The skin depth is
where µ 0 = 4π · 10 −7 H/m, ρ is the electrical resistivity of the iron sheet, and µ r is the equivalent relative permeability [12] .
The strength of the eddy current effect depends on the relative permeability as can be seen from (3) and (4). The eddy current effect is stronger with higher relative permeability, which leads to poorer filtering capability. Typically, iron-core inductors with an air gap have relative permeability in the range of µ r = 100-200. In order to ensure that particular LCL filter parameter combination is sufficient for the attenuation of the grid-current harmonics, the relative permeability can be modelled higher than the typical values. For this reason, the equivalent permeability is chosen to be µ r = 300 during the modelling stage. As can be seen, both equivalent core models are more accurate than the constant-parameter model.
Design procedure
The LCL filter is optimized for a 12.5-kVA SiC grid converter using the switching frequency of 20 kHz. The rating of the converter is as follows: frequency of 50 Hz, line-to-line rms voltage of 400 V, rated current of 18 A. The DC bus voltage is 650 V.
Harmonic components in the converter voltage
The converter voltage reference is calculated based on the desired fundamental grid current using (1). The space-vector pulse-width modulation (SVPWM) method is used. The converter operates in the linear voltage range. Analytical expressions for the harmonic components of the converter voltage can be found in [4] . Here, however, the harmonic components were calculated numerically from the time-domain voltage waveforms. Using the SVPWM algorithm, the converter voltage was generated using a resolution time of T s = 10 ns. Then, the harmonic components were determined by means of the discrete Fourier transform
where ω 1 = 2πf 1 = 2π · 50 rad/s is the fundamental angular frequency, T 1 = 1/f 1 = 20 ms is the period of the fundamental component, N = T 1 /T s is the number of samples, k is the kth time-domain sample, and n is the nth harmonic component. Fig. 3 shows the spectrum of the resulting converter Table 1 : Maximum odd harmonic current components in percent of the rated current for distribution systems with 0.12-69 kV according to IEEE 519 [1] . Only the limits for the SCR below 20 are given. Even harmonics are limited to 25% of the odd harmonic limits. voltage at the switching frequency of f sw = 20 kHz. The gridcurrent harmonics can be, then, solved from (1)-(3) for each converter-voltage harmonics.
Harmonic limits
The LCL filter is designed to meet the harmonic distortion limits of IEEE 519-2014 given in Table 1 . The short circuit ratio (SCR) less than 20 is assumed. The rated grid current with unity power factor is considered. In this paper, a conservative approach is considered: all the grid current harmonics are attenuated below 0.25% of the rated current. Total harmonic distortion (THD) of the grid current is kept below 5%. Further, the converter-current THD is kept at 7% in order to limit the losses of the converter-side inductor and the converter. Both the positive and negative sequences are considered in the analyses.
Optimization
The goal is to design a compact LCL filter. The stored energy W L,tot of the magnetic components is minimized:
The inductor energy W L is proportional to the inductor area product (cf. Fig. 4 )
where W a is the window area of the core, A c is the crosssectional area of the core, K u is window utilization factor, J m is the rms value of the current density in the window, andB is the peak value of the core flux density [13] .
Wa Ac Fig. 4 : Area product is the product between the window area W a and the cross sectional area A c of the core.
The area product gives rough estimate for the core size. For simplicity, the window utilization factor and current density are assumed as constant parameters. Thus, the area product depends on the inductor energy and peak flux density of the core.
Optimal parameter values are searched through iterations.
Selection of the core material for the converter-side inductor
The converter-side inductor has to endure a higher ripple current content than the grid-side inductor. The high current ripple causes core losses which increase with switching frequency [14] . This sets higher demands on the core material, which has to be properly selected. Typical magnetic properties for different core materials can be found in Table 2 . In order to minimize the area product (7), the peak flux density should be as high as possible. Thus, the peak flux density is the main criteria for choosing the material. The selection is limited either by the saturation flux density or the core-loss density.
To avoid overheating, the core losses should be kept low enough. The core-loss density gives a rough estimate for evaluating the temperature rise. For example, the maximum coreloss density is approximately 100 mW/cm 3 under the natural convection condition [13] .
It is assumed that all the ripple current is packed on the switching frequency. The total core-loss density can be expressed as P c,tot = P c,1 + P c,sw , where P c,1 and P c,sw are the losses related to the fundamental component and the switching harmonics, respectively. Since the core-loss density is approximately proportional to the square of the flux density at particular frequency [14] , the total core-loss density can be expressed as The inductor is sized in such a way that the peak flux densitŷ B corresponds the peak current valueÎ at the rated operating point. Further, it is assumed that the flux density and the current are directly proportional below the peak values, i.e., 
If the core-loss density is the limiting factor for choosing the material, the peak flux density is determined by (9) . Otherwise, the peak flux density is determined by the saturation flux density. The core material is selected based on the highest peak flux density.
Results

Optimized parameters
The optimized parameter values are L fc = 575 µH, C f = 8.10 µF, and L fg = 250 µH. The proposed LCL filter design is compared with a conventional filter used with a grid converter having the switching frequency of 6 kHz [16] . According to the results, the inductance of the designed converter-side inductor is only 20% of the inductance of the conventional converter-side inductor, and the inductance of the designed grid-side inductor is 10% of the inductance of the conventional grid-side inductor. The capacitance is 80% of the capacitance of the conventional filter capacitor. The parameter values can be further decreased by increasing the switching frequency as can be seen from Fig.  5 . However, it is worth noticing that the peak flux density might decrease with the switching frequency due to the higher core losses.
Simulation results
The proposed LCL filter design is evaluated by means of simulations. The grid converter is controlled using a two-degree of freedom state-feedback controller [16] . The grid-side inductor is modelled with two series-connected Foster elements shown in Fig. 6 are obtained by fitting the frequency response of the Foster elements with the analytical response. As can be seen from Fig. 7 , two Foster elements are sufficient to capture the frequency behaviour below 100 kHz. Further, the resonance is damped due to the high grid-side equivalent resistance at high frequencies.
It is worth noticing that the losses stay low due to the low gridside current ripple. Fig. 8 shows the waveform and spectrum of the grid current. As can be seen, all the grid-current harmonics stay below 0.25% of the rated value. The THD of the grid current is 0.4%. Fig. 9 shows the waveform and spectrum of the converter current. The THD of the converter current is 7%.
Prototype inductors of the LCL filter
The core material of the inductor L fc is selected according to (9) . The peak value of the converter current isÎ = 27.5 A and the ripple current is I sw = 1.3 A. Above the switching frequencies of 20-30 kHz, the core losses are mainly caused due to the high converter ripple current. For this reason, the reference value for the fundamental part of the core-loss density is assumed to be P c,ref (f 1 ) = 0 mW/cm 3 . The reference values for the ripple core-loss density can be found from Table 2 . Table 3 shows the area-product minimizing material for the particular maximum core-loss density range. Under natural convection conditions, the optional materials are 2605SA1 and 10JNHF600. Under forced convection conditions, the 10JNHF600 material is the most suitable. The inductor prototypes were manufactured to be used under the natural convection conditions. The core material of the converter inductor was chosen to be 2605SA1. Fig. 10 shows the photographs of the manufactured prototype inductors.
Core material
Maximum core-loss density (mW/cm 3 ) Vitoperm500F 0-23 2605SA1 23-82 10JNHF600 82- Table 3 : Area product minimizing core materials. 
Conclusions
This paper studied the effect of switching frequency on the LCL filter design in grid-converter systems. The stored energy of the inductors were minimized. An analytical highfrequency model of the laminated iron-core inductor was considered. The core material was selected based on the peak flux density within saturation and core-loss density limits. According to the results, higher accuracy can be obtained using the proposed design method in comparison with the conventional design method based on the constant parameters. Based on the simulation results, the grid current harmonics stay within allowable limits defined by the grid current standards. Further, the converter current THD stays within the user-defined limits. The size of the LCL filter can be decreased significantly using higher switching frequencies, enabled by next generation semiconductors. A future work will include experimental verification of the proposed method.
